INTRODUCTION
Since the First Gulf War in 1991, controversy has surrounded the adverse health effects of depleted uranium (DU) munitions. Military personnel returning from recent wars in the Middle East and Balkans, where such munitions have been used, have complained of a range of illnesses labelled collectively as 'Gulf War syndrome'. This syndrome has been linked to the ingestion and inhalation of the radioactive combustion products of DU munitions and the presence of DU fragments in shrapnel wounds, among other reasons. The syndrome, along with the possible role of DU in its genesis, has been the subject of a number of high-level reviews undertaken by the International Red Cross (IRC 2001) , the World Health Organization (WHO 2001) , the Royal Society (2001, 2002) and the US Institute of Medicine (IOM 2006 (IOM , 2008 , as well as large-scale epidemiological studies of veterans undertaken by the US Veterans Affairs and Department of Defence (VADD 2002) and the UK Depleted Uranium Oversight Board (DUOB 2007) .
The above studies discounted any association between DU and the alleged medical problems, reasoning that the very low radiological toxicity of DU and generally low levels of exposure correspond to very low health risks. This general conclusion has been supported by independent researchers in Australia (Sim & Kelsall 2006) , Canada (Ough et al. 2002) , Sweden (Gustavsson et al. 2004) and Denmark (Storm et al. 2006) . Some of the reports did recommend, however, the need for continued surveillance of DU-exposed service personnel, although they uncovered no cluster of symptoms that constitute a syndrome unique to the veterans of the Gulf and Balkan wars (Horn et al. 2006 ).
This finding is not totally surprising, as similar conclusions were found regarding the alleged adverse health effects of the more radioactive small 'hot particles' (with activities of the order of 1 -10 mBq)-radioactive contamination from nuclear power plants, atomic bomb test sites, etc. Hot particles may also occur naturally from the weathering of igneous rocks (Hamilton 1988) . It was originally argued that radiation exposure arising from small radioactive particles may be *Author for correspondence ( john.pattison@unisa.edu.au).
far more carcinogenic than the case when the same amount of energy is deposited uniformly throughout a tissue volume; however, Charles et al. (2003) and Charles & Harrison (2007) found a lack of evidence in support of a large hot-particle enhancement factor for carcinogenesis.
Despite the above findings, protagonists have continued to claim that DU is responsible for a multitude of illnesses. Given the low level of inherent radioactivity of DU particles (of the order of 1 -100 mBq) and the correspondingly low doses involved, a number of novel mechanisms have been proposed that might lead to an increase in the received radiation doses and, consequently, the severity of the ensuing health effects. These include the 'second-event' hypothesis (Busby 1998 (Busby , 2000 , which provides a mechanism for an increase in the biological effect of the inherent radioactivity of sequentially decaying internal radionuclides (e.g.
90 Y) arising from 'sensitizing' of the DNA molecule during a certain phase of the cell cycle. This hypothesis was critically examined by Edwards & Cox (2000) and was found to be unsatisfactory (CERRIE 2004) .
The dose-enhancing effect of high-atomic-number particles has also been suggested as a mechanism by which low levels of radiation might lead to adverse health effects. As a mechanism of increasing the radiation dose in the vicinity of DU particles in the body, it has been suggested that the radiation dose to the tissue immediately surrounding DU particles arising from the inherent radioactivity of uranium is complemented by an enhancement in the radiation dose received from the natural background gamma-radiation (and medical X-rays; Busby 2005) . This additional dose is enhanced owing to the photoelectric interaction of predominantly low-energy photons in the natural background radiation, below about 200 keV, whereby natural background gamma-rays are converted into short-range photoelectrons by high-atomic-number materials such as uranium. The absorption of lowenergy photons owing to the photoelectric effect is proportional to the atomic number to about the third or fourth power.
Employing indirect arguments, based on the differential absorption rates of mono-energetic photons in tissue and uranium, Busby (2005) estimated that this dose enhancement is of the order of a factor of 500-1000 or more (Tickell 2008) . For these estimations, Busby considered photon energies less than 200 keV, spherical particles with diameters in the range 0.2 -5 mm, and a photoelectron range of 25 mm in tissue. According to this view, an absorbed dose of 1 mGy becomes an absorbed dose of at least 500 mGy in the DU particle; this enhanced dose is then redistributed into the cells close to the DU particle. In addition, for photon energies above about 200 keV, other photon interaction processes (e.g. Compton scattering and pair production; figure 1) eventually result in low-energy photons of which a large fraction is also absorbed and converted to photoelectrons. For most ionizing radiations, a large proportion of the absorbed dose is deposited by lowenergy recoil electrons. Photoelectrons generated within DU particles will emerge into the surrounding tissue with reduced energy, thereby having a shorter range and being more strongly ionizing close to the DU particle. These ionizations by photoelectrons are proposed to result in high local doses, causing damage in addition to that produced by the alpha-and beta-emissions of the DU particles themselves.
The occurrence of this enhancement effect is widely accepted: it has been known for some time that the photoelectric effect results in an enhancement of the radiation dose in volumes surrounding high-atomicnumber materials. The strong absorption of lowenergy photons by high-atomic-number (Z ) materials such as iodine (Z ¼ 53), barium (56) and bismuth (83) relative to both tissue (7.5) and bone (12) has been used in radiology since about 1905 as a means of enhancing image contrast. The locally enhanced dose around high-atomic-number materials was first suggested for use in radiotherapy by Spiers (1949) . Considerable research effort is currently underway to make use of this phenomenon in developing a practical procedure to deliver non-toxic high-atomic-number elements such as iodine (53), gadolinium (64), platinum (78) and gold (79) to tumours before being irradiated, with the aim of selectively enhancing the radiation dose received by the tumour while sparing the surrounding healthy tissue (e.g. Biston et al. 2004; Adam et al. 2006; De Stasio et al. 2006; Hugtenburg et al. 2007; Hainfeld et al. 2008; Zhang et al. 2008) .
The suggestion of a dose enhancement of natural background gamma-radiation to cells surrounding DU particles in the human body appears to be feasible, yet no detailed analysis of the phenomenon has been attempted; consequently, the present study was undertaken with the aim of determining the magnitude of the enhancement. This study did not take into account the pathways in which the DU particles entered the body, whether by inhalation, ingestion or by wound contamination, or where or for how long the DU particles remained in the body or the likely subsequent health effects. A preliminary report on this study was published by Pattison et al. (2008) .
MATERIAL AND METHODS

Natural background gamma-radiation spectrum
The composition and magnitude of natural background gamma-radiation varies widely around the Earth, especially with latitude and altitude. At sea level, it is predominantly due to terrestrial gamma-rays and to lesser degree cosmic-ray-induced gamma-rays. Accordingly, in the present study we analyse five similar measured natural background gamma-radiation pulseheight spectra (three from the USA and two from Europe), as collected using NaI(Tl) detectors of similar size (Lowder et al. 1964; Blum et al. 1997; Aage et al. 1999; Busby 2005; Redus et al. 2007) . From these spectra, we calculated a single weighted-average spectrum curve (figure 2). The average pulse-height spectrum is produced by multiple interactions in the NaI(Tl) detector and the surrounding environment by Compton scattering, photoelectric absorption and pair production, with smaller discrete line emissions from 40 K and the 238 U and 232 Th series, most of which blur into the average curve. The characteristic peaks at 1460 keV due to 40 K and at 2610 keV due to 208 Tl (in the 232 Th series) are apparent. The five measured spectra are all similar, within +33 per cent about the average curve. Other measured natural background gamma-radiation spectra may vary by a greater amount than that indicated by this range. The average curve was then deconvolved using a Monte Carlo model of the NaI detector to give the free-in-air gamma-radiation fluence-rate spectrum incident on the NaI detector (Waters 2002) , shown as the solid line in figure 3 .
Given that people are in various orientations during the day, both inside and outside buildings, and that the radiation field is quasi-isotropic, this free-in-air gammaradiation was assumed to be isotropically incident on the outside of the model body under consideration.
Model body
Neither mathematical-type nor voxel-type body models, which attempt to represent the internal anatomy of the body and are used to estimate organ doses in individuals, were considered appropriate for the 'typical' person considered here. Because of the quasiisotropic nature of the radiation field and the various orientations of people in the field, the body was modelled as a right circular cylinder for the trunk with a radius of 16 cm and a length of 60 cm. The model body had no head, arms or legs, but a short cylindrical neck (length, 10 cm; radius, 7 cm) and short annular cylindrical thighs (length, 10 cm; outer radius, 16 cm; inner radius for the crutch, 3 cm), thereby retaining the rotational symmetry of the body (figure 4). Given that the scattered radiation from the neck and thighs contributed only about 1 per cent of the dose at the midplane of the trunk, their exact dimensions are not important. But because this scattered radiation contributed extra low-energy photons to the internal photon-fluence spectra on the midplane of the trunk, they were included in the analysis. The trunk dimensions are consistent with the dimensions given in ICRP (2003) for the average typical adult male and female. The model body was assumed to consist of homogeneous ICRU four-element tissue (ICRU 1989) , and is comparable with a similar, although slightly smaller, body model used in Pattison et al. (2001 Pattison et al. ( , 2004 .
Uranium particles
Natural uranium exists as three radioactive isotopes: 238 U (half-life, 4.5 Gyr), 235 U (710 Myr) and 234 U (0.25 Myr), typically in the proportions 99.3, 0.7 and 0.006 per cent by mass, or 48, 2 and 50 per cent by activity, respectively. Natural uranium is only weakly radioactive. DU is mainly a by-product from the chemical enrichment of natural uranium, whereby the fissionable 235 U is extracted; it also lacks the decay products of most concern, e.g. radium and polonium. This enrichment process reduces the radioactivity of the remaining DU to about 60 per cent of that of natural uranium. A less-common source is the reprocessing of spent reactor fuel. If the DU is partly derived from reprocessed reactor fuel, then it may also contain 236 U (approx. 0.0003%) and smaller amounts of other artificial isotopes (Mitchel & Sunder 2004; Trueman et al. 2004 ). The DU is pyrophoric; that is, when in fine powder form, it spontaneously combusts with about 80 per cent conversion to U 3 O 8 and UO 2 (DUOB 2007). As uranium is a heavy metal, similar to mercury and lead, it is also chemically toxic: normal functioning of the kidney, brain, liver and heart can be affected by an excessive exposure to DU (Craft et al. 2004) .
The sizes and shapes of actual uranium oxide particles have been examined using scanning electron microscopy photon energy (keV) Figure 1 . Photon interaction cross sections for uranium as a function of photon energy. Note that the total attenuation below a photon energy of about 200 keV is due nearly entirely to the photoelectric effect. As the photon energy increases above 200 keV, Compton scattering increases until it is the dominant interaction mechanism above about 700 keV. Solid line, PE absorption; dashed line, Compton scatter; dashdotted line, pair production; dotted line, total attenuation. Adapted from Berger & Hubbell (1987) . Enhancement of background radiation dose J. E. Pattison et al. 605 by Milodowski (2001) and Salbu et al. (2005) for samples collected from battlefields and by Cho et al. (2002) for samples prepared in the laboratory. The shapes are highly irregular, with both convex and concave surfaces observed in individual particles, and with a typical size of about 5 mm (Royal Society 2001). Consequently, DU particles were modelled in the present study as small right circular cylinders of two sizes: a small particle of 2 mm in diameter and height, and a large particle of 10 mm in diameter and height (figure 5). Note the existence of three types of surfaces on these cylindrical particles: plane ends, convex sides and double-convex corners. The enhancement factors (dose with the uranium particle present)/(dose without the uranium particle) for each particle size were determined in the vicinity of each of these three surfaces. Given that actual uranium oxide particles are highly irregular in shape, with concave surfaces and cavities, we considered two additional large particles: a large 10 mm particle with a closed internal cavity of 4 mm in diameter and height, and a large 10 mm particle with an open cavity of 4 mm in diameter and 7 mm in height. The relevant enhancement factors were also calculated within these cavities assuming that they were filled with ICRU four-element tissue. The closed internal cavity was examined to determine the maximum enhancement factor conceivable, albeit a hypothetical situation. The large particles considered here are about the same size as a typical animal cell, where the nucleus of the cell is usually located roughly in the middle of the cell body. Hence, it is appropriate to determine the enhancement factors within 5 mm of the particles-the so-called dose-scoring region. The dose-scoring region was a layer of constant thickness covering the entire surfaces of each particle. To determine the maximum enhancement, the enhancement factors were also determined for the thinner dosescoring thickness of 1 mm immediately around the particles. The depth -dose curves for collimated and mono-energetic electron beams show that the dose deposition in a homogeneous material decreases reasonably rapidly and monotonically with distance in the material, owing to the energy-loss straggling and tortuous paths that electrons undergo. For the un-collimated and poly-energetic electrons emerging from a cylindrical uranium particle, and after losing energy passing through the particle into the tissue, the dose deposition would drop off even quicker with distance in the tissue, as would the dose enhancement. DU particles usually contain some un-oxidized uranium, as combustion on impact is not always complete. Furthermore, DU munitions are constructed from other materials in addition to DU, and DU particles contain a range of other elements depending on the surrounding materials at the time of combustion. Consequently, DU particles contain elements of lower atomic number than uranium (in addition to oxygen), including titanium, aluminium, iron, molybdenum, silicon and calcium (Milodowski 2001; Mitchel & Sunder 2004) , which will lower the enhancement effect. Our preliminary investigations revealed that compared with pure uranium, pure uranium oxide (U 3 O 8 ) particles produced enhancement factors that were smaller by about 5 -15% for external surfaces and by about 25 per cent for internal cavities; consequently, pure natural uranium was used to maximize the calculated enhancement factors. As the photon/electron cross sections are the same, and the density differences are very small, for the various isotopes of natural uranium, natural uranium is essentially the same as DU. It is interesting to note that the typical human body normally contains about 90 mg of natural uranium, with about 60 per cent located in bones and 40 per cent in soft tissue (ICRP 1975) . This mass of uranium is equivalent, hypothetically, to about 750 000 of the small particles being considered, each with an activity of about 1.5 mBq, or about 6000 large particles, each with an activity of about 190 mBq. A recent study by Dorsey et al. (2009) found DU in the bodies of only three of 1700 US veterans tested who were exposed to DU munitions, and the exposure histories of these three individuals make it likely that they had retained DUembedded fragments from previous injuries. Hence, the amount of DU in the bodies of veterans, by either inhalation or ingestion, is considerably smaller than the amount of natural uranium in their bodies.
Transportation of radiation through the model body
To transport the incident free-in-air gamma-radiation through the model body, we used the Monte Carlo simulation software EGSnrc, an extended and improved version of EGS4 (Kawrakow 2000) , with a graphical user interface (Mainegra-Hing 2005) . First, the radial dose distributions across the transverse midplane of the model body, and across two transverse planes located half-way between the midplane and the two ends of the trunk, were calculated using the code DOSrznrc in EGSnrc. This was performed to check that the modelling was satisfactory in giving an estimated effective dose rate that is consistent with the expected effective dose rate due to the natural background gamma-radiation. Ten batches of 300 million histories were accumulated, giving a batch variation of about +1 per cent in the estimated doses.
Second, we calculated the doses in the vicinity of the uranium particles, at three positions on the midplane within the body (X in figure 4 ). Given the very poor geometrical efficiency of our set-up for direct Monte Carlo calculations (i.e. very small particles and scoring regions in a considerably larger body), these calculations were undertaken in two stages using the following five steps.
(i) The incident free-in-air gamma-radiation was transported through the model body without any uranium particles being present. The internal photon and electron fluence-rate spectra were determined, using the code FLUrznrc in EGSnrc, at the three positions where the uranium particles were to be placed in the model body. Ten batches of 300 million histories were accumulated, giving a batch variation of about +1 per cent in each energy bin of the estimated internal photon and electron spectra. One hundred, 30 keV wide, energy bins were used covering the range from 0 to 3000 keV. (ii) Each type of uranium particle, embedded in a large mass of tissue, was then exposed in turn to the internal photon and electron fluence-rate spectra appropriate to the location of the particle in the model body. The doses due to the photon and electron fluences were calculated separately in turn, using the code DOSrznrc, at the various sites around each of the different types of uranium particles. Ten batches of one billion histories were used for calculating the doses due to the photon spectra and 10 batches of 4.5 million histories for calculating the doses due to the electron spectra, each giving a batch variation of about +1 per cent. A larger number of histories are required for the photons as they are considerably less interactive than electrons in the body, and most are lost from the body without having any interactions. (iii) The corresponding photon and electron doses at each site around a particular uranium particle, at a particular position in the model body, were added in their correct proportions with respect to the incident photon and electron fluence-rate spectra to give a total dose at that site. (iv) Steps (ii) and (iii) were repeated to obtain the total doses at the same sites in tissue without the uranium particles being present. (v) The enhancement factors were calculated as the ratio (total dose with the uranium particle present)/(total dose without the uranium particle) for each site around each of the types of uranium particles examined, at each of the three positions in the model body. The uncertainties inherent in these calculations were also estimated.
RESULTS AND DISCUSSION
The radial dose-rate distribution curve for the midplane is shown in figure 6 , along with the average curve for the two planes located half-way between the midplane and the two end planes of the trunk. The absorbed dose rates just below the surface and on the axis of the trunk are 0.42 and 0.46 mGy yr 21 , respectively. The maximum absorbed dose-rate buildup occurs about 1 cm beneath the surface of the trunk, with an absorbed dose rate of 0.54 mGy yr
21
. These values compare favourably with the average natural background gamma-radiation dose rate. UNSCEAR (2000) gives the world average effective dose rate, assuming an indoor occupancy of 0.8, as 0.5 mSv yr
, with a range of 0.3 -0.7 mSv yr
. Hence, the model body and incident gamma-radiation spectrum used in this study are reasonable. . The closed cavity in particle (b) is centrally located within that particle. The open cavity in particle (c) opens at the bottom of the particle shown.
Enhancement of background radiation dose J. E. Pattison et al. 607 The internal photon fluence-rate spectra are shown in figure 3 , together with the incident free-in-air gamma-radiation spectrum. The corresponding internal electron fluence-rate spectra are shown in figure 7 .
The values of the enhancement factors for the 5 mm dose-scoring region are shown in figure 8a -c for the various sites around each type of particle, at each of the three positions in the body. The solid 10 mm particle is not shown because the enhancement factors outside the particle are essentially the same as those for the 10 mm particle with a cavity. The values of the enhancement factors for particles at the position midway between the trunk surface and trunk axis are within the uncertainties of those of the corresponding on-axis cases. Overall, there are no significant differences between the corresponding enhancement factors for the same sites around each of the particle types within a cylindrical volume centrally located within the trunk and with a size of half the trunk radius and half its height. The enhancement factors for the 1 mm dose-scoring regions around the outside of the particles are, on average, about 55 per cent higher than those for the corresponding 5 mm dose-scoring regions.
Although the enhancement factors increase with depth in the body (figure 8), the tissue dose rates without the uranium particles present (figure 6) decrease with depth. Consequently, the dose rates in the vicinity of the uranium particles, being the product of the enhancement factor and the dose rate without a uranium particle present, vary to a lesser degree than do the enhancement factors in terms of the position of the particle in the body. We can now calculate the enhanced dose rates; for example, consider the dose rate received by the 5 mm thick layer next to the flat surface of the 10 mm particle. If this particle were located on the body axis, the enhancement factor would be 2.8 and the dose rate to tissue without the particle present would be 0.46 mGy yr
, corresponding to a dose rate to tissue with the particle present of 1.3 mGy yr
. This corresponds in turn to a 'local equivalent dose rate' of 1.3 mSv yr 21 , which is less than the figure generally quoted (in terms of effective dose) for the worldwide average radiation dose rate from natural background sources to a whole body. This dose rate is in addition to the equivalent dose rate delivered due to the inherent radioactivity of the uranium particle itself.
The main sources of uncertainty in this study are as follows: the design of the body model (estimated to be approx. +5%), the design of the model particles (+5%), the approximations used in the EGSnrc code (+5%) and the Monte Carlo transport through the body for each type of radiation (approx. +1%), giving a statistical uncertainty in the calculation of the enhancement factors of +2 per cent for the solid large particles, +3 per cent for the large particles with cavities and +4 per cent for the small particles, equivalent to +3 per cent on average for the different particle types. Assuming that the sources of the uncertainties are independent of each other, the final overall uncertainty in the estimated enhancement factors is the square-root of the sum of the various contributing uncertainties squared (Gregory et al. 2005) -in this case +9 per cent. Compared with the natural variability of the shape of the spectrum of the natural background gamma-radiation, which for the five spectra used in this study is +33 per cent about the average curve, the estimates of the enhancement factors obtained in this study are reasonable, having uncertainties less than the variability of the natural background gamma-radiation spectrum.
The enhancement factors are about 500 times smaller than those proposed by Busby (2005) for similar types of uranium particles; however, the calculation methods differ between the studies, thereby yielding different results. Busby (2005) employed a measured pulse-height spectrum derived from the natural background gamma-radiation and used mono-energetic photon radiation rather than a realistic deconvolved spectrum. Owing to the large over-response of NaI(Tl) to lower energy photons, lower energy pulse events occur much more frequently in scintillation spectra than in the actual free-in-air gamma-radiation spectrum. In the average measured gamma-ray spectrum used in the present study, about 60 per cent of the fluence occurs at photon energies below 200 keV, in agreement with Busby (2005) ; however, after being deconvolved, this value is reduced to about 28 per cent. This is because between 150 keV and 6 MeV, the dominant interaction process for photons in the NaI(Tl) crystal is Compton scattering. Photons scattering with energy in this range have a high probability of leaving the crystal, in which case the energy of the event recorded by the detector is just that of the scattered electron. The photoelectric effect in the present study is not as prevalent as that assumed by Busby. More importantly, in the present study, the dose at any point near a uranium particle has two contributions: (i) the extra electrons produced in the region of interest by gamma-radiation whether the uranium particle is present or not and (ii) electrons produced outside the region of interest by gamma-radiation that then migrate into the region of interest, again regardless of whether the uranium particle is present. The present approach has enabled us to separately calculate the doses due to these two components. As expected, we found no enhancement of the dose due to the electrons, but the dose was enhanced due to the photons. With no uranium particle present, the dose in the scoring region due to photon absorption was 16 per cent of the total near the surface of the body; on the body axis it was 24 per cent. The dose due to electrons from outside the scoring region makes up the remainder of the dose and is clearly the main component. With the small uranium particle present, the dose in the scoring region due to photon absorption increased to 27 per cent near the surface of the body; on the body axis, it was 41 per cent. The dose due to electrons from outside the scoring region remains the major component. With the large uranium particle present, the dose in the scoring region due to photon absorption increased further to 53 per cent near the surface of the body; on the body axis it was 70 per cent. The situation has now changed: the dose due to photon absorption has become the main component.
The dose contribution due to photon absorption increases by a factor of about 1.4 when progressing from near the body surface to on the body axis. This is expected from the internal photon spectra (figure 3), as the number of low-energy photons increases from the body surface to the body axis. Compared with the small particle, the large particle is more effective in producing photoelectrons by a factor of about 1.8. Self-absorption of the photoelectrons produced in the 10 mm sized particle does not dominate over the production of photoelectrons, meaning that the enhancement factors for these particles are higher than those for the 2 mm sized particles. This finding is contrary to that expected from the estimates of Busby (2005) , who proposed that as particles become larger than several micrometres in size, the energy is increasingly reabsorbed within the DU particle, resulting in reduced dose enhancement. The reason for the result obtained in this study is that there is a trade-off between the increase in the production of the photoelectrons within the particle and the decrease in how many pass out of the particle as the particle size increases. A 200 keV photon produces electrons with an average energy of 85 keV, which have a range of about 12 mm in uranium. So uranium particles with sizes around 10 mm should produce a maximum dose-enhancement effect.
CONCLUSIONS
The model body used in this study is appropriate in representing the typical adult person exposed to isotropic natural background gamma-radiation. A globally representative natural background gamma-radiation spectrum was used, where the deconvolution from the measured pulse-height spectrum increased the average energy and maximum intensity of the actual photon spectrum, which decreased the amount of enhancement. Finally, the effect of the diffusion of photoelectrons away from the uranium particle was considered, greatly reducing the effect at smaller particle sizes in contrast to results reported by others.
The values of the enhancement factor for the 1 mm sized particle range from 1 to 1.5, while for the 10 mm sized particles the ranges are 1.3 -3.3 outside of the particles and 8.7 -16.7 inside cavities within Enhancement of background radiation dose J. E. Pattison et al. 609 the particles. These are maximum estimates as we have assumed that the particles are pure uranium, natural or depleted, ignoring other lower atomic number materials present in the particles, and that the particles are embedded in soft tissue.
